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Bisphenol A found in plastic vessels used for children feeding is an endocrine disrupting compound.
Therefore it can also induce the obesity at a very early stage in the life of children, and its presence in
children saliva should be checked. We proposed eight microsensors: four stochastic microsensors, one
amperometric microsensor and three multimode microsensors for the screening of children saliva for
bisphenol A in a concentration range from 1015 to 104 mol/L. Qualitative assessment of bisphenol A
in saliva samples was done using stochastic sensing, while its quantitative assessment was done using
differential pulse voltammetry and stochastic sensing. The results correlated well, and also compared
with those obtained using the standard method, although the standard method did not cover all the time
the ranges on which bisphenol A is present in children saliva, and therefore the standard method cannot
be reliable used for it analysis in children saliva.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl)propane) is a com-
ponent of polycarbonate plastics, widely used in water treatment
[1] and commercial products such as food cans, water bottles
and pipes, printer ink or as dental binding material (Fig. 1). BPA
is an endocrine disrupting compound (EDC) which has brought
concerns for doctors and researchers in the public health depart-
ment [2] because it migrates from the food recipients into the
water or food, which we ingest, e.g., negative effects of BPA in
the human body were recorded some being related to reduced fer-
tility, decreased sperm quality, increased occurrence of reproduc-
tive system, and occurrence of cancer [3,4]. Low doses of BPA are
dangerous as well, especially if the exposure is during a neonatal
period, because they can affect metabolism later in life. Adverse
effects such as increased body weight, lipid accumulation, varia-
tions in leptin, osteocalcin and estradiol levels and altered pancre-
atic function were reported [5,6]. BPA exposing may promote
obesity and type 2 diabetes in adulthood.Ultra-high-performance liquid chromatography–mass spec-
trometry was used for the assay of BPA in human urine [7], while
for the assay of BPA in water samples the following methods were
proposed to date: high performance liquid chromatography (HPLC)
[8], gas chromatography–mass spectrometry (GC–MS/MS) [9],
immunoassay [10], and ﬂuorescence [11].
To date, BPA has been detected from saliva using various meth-
ods: one method, based on stir bar sorptive extraction (SBSE) with
in situ derivatization and thermal desorption (TD)–gas chromatog-
raphy/mass spectrometry (GC/MS) with a detection limit of
20 pg mL1 [12], capillary gas chromatography/mass spectropho-
tometry (CGC/MS) and high-performance liquid chromatography
(HPLC) where a BPA level detected was 100 ng mL1 [13], ELISA
method with limits of determination of pg mL1 magnitude order
[14,15], liquid chromatography/mass spectrometry (LC/MS) with
the lowest limit of determination of 0.43 ng mL1[16–18].
A very important task is development of screening methods and
tools of children’s saliva for BPA in order to prevent and minimize
the negative effects of it in the body as soon as possible. Therefore,
in this paper we proposed three types of microsensors: stochastic
microsensors, amperometric microsensors and multimode micro-
sensors based on stochastic and differential pulse voltammetry
modes for the assay of BPA in children’s saliva. To our knowledge
Fig. 1. Sources of contamination with bisphenol A.
Table 1
Working parameters used in differential pulse voltammetry mode for the assay of BPA.
Parameter Microsensors based on
MD/NpC MD/Graphene MD/CNT MD/C60
Potential domain (V) 0–1.2 1.25 to 0.25 0.8 to 0.3 2.0 to 1.1
Scan rate (mV s1) 50 50 50 50
Modulation amplitude (mV) 100 100 100 100
Peak position (mV) 500 800 300 1500
Table 2
Response characteristics of microsensors in stochastic mode.
Matrix Electroactive
material
Equation of calibration and correlation
coefﬁcient*
Linear concentration range
(mol/L)
toff
(s)
Sensitivity
(s mol L1)
Limit of determination
(mol/L)
DP P 1/ton = 0.06 + 3.18 (±0.21)  109  C
r = 0.9887
1014 to 1012 4.6 3.18  109 1  1014
a-CD 1/ton = 0.05 + 2.01 (±0.45)  103  C
r = 0.9999
107 to 105 5.2 2.01  103 1  107
MD 1/ton = 0.05 + 1.35 (±0.42)  109  C
r = 0.9916
1013 to 1011 5.0 1.35  109 1  1013
Graphite MD 1/ton = 0.05 + 1.76 (±0.32)  109  C
r = 0.9859
1013 to 1011 3.8 1.76  109 1  1013
Graphene 1/ton = 0.04 + 3.62 (±0.10)  1011  C
r = 0.9999
1015 to 1013 6.6 3.62  1011 1  1015
CNT 1/ton = 0.10 + 6.37 (±0.10)  1011  C
r = 0.9999
1015 to 1013 8.2 6.37  1011 1  1015
C60 1/ton = 0.04 + 1.33 (±0.20)  1010  C
r = 0.9994
1014 to 1012 9.2 1.33  1010 1  1014
All measurements are the average of ten determinations.
* <ton> = s;<C> = mol/L.
Table 3
Response characteristics of microsensors in differential pulse voltammetry mode for the assay of bisphenol A.
Active
Material
Matrix Calibration equation and correlation coefﬁcient
(r)*
Linear concentration range (mol/
L)
Detection limit (mol/
L)
Sensitivity (nA/
lmol  L1)
MD NpC H = 3.05 + 0.10 (±0.01)  C
r = 0.9997
1010 to 104 8.71  109 0.10
Graphene H = 0.184 + 0.004 (±0.001)  C
r = 0.9999
108 to 104 3.05  109 0.004
CNT H = 1.17 + 1.45 (±0.31)  C
r = 0.9999
1011 to 107 9.92  1012 1.45
C60 H = 2.55 + 111.4 (±0.1)  C
r = 0.9999
1012 to 108 6.16  1013 111.4
All measurements are the average of ten determinations.
* <H> = nA; <C> = lmol/L.
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Fig. 2. Diagrams recorded for screening of BPA in children’s saliva samples using the microsensors based on: (a) P/DP; (b) MD/C60; (c) MD/CNT, in stochastic mode.
R.-I. Stefan-van Staden et al. / Analytical Chemistry Research 1 (2014) 1–7 3this is the ﬁrst approach for assay of BPA in children saliva – which
can be considered further for standardization as a screening test in
clinical analysis. Electroactive compounds such as maltodextrins,
cyclodextrins, and porphyrins were immobilized in different types
of carbon based matrices, e.g., diamond paste, carbon nanopowder
paste, carbon nanotubes paste, graphene paste, graphite paste, and
C60 fullerenes paste.2. Experimental
2.1. Reagents and solutions
Bisphenol A (BPA), maltodextrin (MD), a-cyclodextrin (a-CD),
5,10,15,20-tetraphenyl-21H,23H porphyrin (P), powder of natural
monocrystalline diamond, C60 fullerene, multiwall carbon
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ite were bought from Sigma Aldrich (Milwaukee, USA) and parafﬁn
oil (d420, 0.86 g  cm1) from Fluka (Buchs, Switerland).
A BPA stock solution of 102 mol L1 was prepared in dimethyl
sulfoxide (DMSO). Working standard BPA solutions of 103 to
1016 mol L1 were prepared using the serial dilution method.
2.2. Instruments
Differential pulse voltammetry and stochastic measurements
were performed using a potentiostat/galvanostat AUTOLAB/
PGSTAT 12 (Methrom, Utretcht, The Netherland) connected to a
personal computer with GPES software. A conventional three-
electrode system, with working electrode (the proposed microsen-
sor), Ag/AgCl as reference electrode and a platinumwire as counter
electrode, was used for all measurements.
2.3. Design of the microsensors
The carbon based powder was mixed with a parafﬁn oil until a
solid paste was obtained, in a ratio of 10:1 (mg:lL). The paste was
modiﬁed with 103 mol/L solution of electroactive material (MD,
a-CD, or porphyrin) in a ratio of 10:3 (mg:lL). The modiﬁed paste
was placed in a non-conducting plastic tube with a diameter of
50 lm. A silver wire served as contact between paste and external
circuit. Before use, the electrode surface was smoothened by pol-
ishing with an alumina paper (polishing strips 30144-001, Orion).
Before each measurement, the sensors were cleaned with deion-
ized water. When not in use, they were kept at room temperature,
in a dry place.
2.4. Recommended procedures
2.4.1. Stochastic Mode
All measurements were carried out at 25 C. The chronoamp-
erometric technique was used for the measurements of ton and toff
at a constant potential of 125 mV. The designed microsensors were
immersed into a glass recipient containing BPA in a concentration
range of 1016 to 104 mol L1. The unknown concentrations of
BPA were determined from the calibration graphs or/and
equations.
2.4.2. Differential pulse voltammetry
All conditions of DPV scans are summarized in Table 1. All mea-
surements were carried out at 25 C. The microsensors designed
for the assay of BPA, together with the reference electrode and aux-
iliary electrode were immersed into a glass recipient containing
BPA in a concentration range of 1016 to 104 mol L1. Calibration
curves for concentrations of linear range versus corresponding
peak heights were drawn with correlation coefﬁcients above
0.9997. The scan rate was 50 mV s1 with a modulation amplitude
of 100 mV. The peak heights were measured at the potential given
in Table 1. Baseline correction for the DPV peaks was applied.
Unknown concentrations of BPA were determined from calibration
equations and graphs.
2.4.3. Standard method of analysis
BPA was analysed using an enzyme immunoassay quantitative
kit ELISA (IBL International GMBH, Hamburg, Germany). The proce-
dure followed the manufacturer instructions. Brieﬂy samples and
manufacturer provided standards were pipetted into wells pre-
coated with an antibody speciﬁc for BPA. After enzyme conjugate
addition the wells were incubated at room temperature for one
hour. Following a washing step with the provided buffer substrate
solution was added to wells. The color developed in proportion to
the amount of the BPA bound in the ﬁrst step. When color
E (V)
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Fig. 3. Peaks of BPA recorded in children’s saliva samples using the microsensors based on: (a) MD/CNT; (b) MD/C60, in DPV mode. All parameters are shown in Table 1.
R.-I. Stefan-van Staden et al. / Analytical Chemistry Research 1 (2014) 1–7 5development was stopped, the optical density was determined
using a microplate reader set.
2.5. Samples
Saliva samples were obtained from the Universitary Hospital in
Bucharest (ethics committee approval nr. 11/2013). Saliva collec-
tion was done in the morning around 8 am before eating or drink-
ing for all subjects included in the study. Saliva sampling was
performed following a mouth rinse with 5 ml of water to wash
out any debris or exfoliated cells. From each subject around 2 ml
of unstimulated whole saliva was collected. The sample was
divided in two: one part was used for the assay of hormones using
stochastic sensing, and the other one was centrifuged at 2000 rpm
for 10 min, and send for analyses of the three hormones using
ELISA kits.
3. Results and discussions
3.1. Response characteristics of the microsensrs
The eight microsensors were tested for the assay of standard
solutions of BPA in both modes: stochastic mode, and amperomet-
ric – differential pulse voltammetry mode. From the eight micro-
sensors designed four (the microsensors based on the pastes:
P/DP, -CD/DP, MD/DP, and MD/graphite) could have been used
only in stochastic mode, one could have been used only inamperometric – differential pulse voltammetry mode (the one
based on MD/NpC paste), and four were multimode sensors (the
microsensors based on the pastes of C60, CNT, and graphene mod-
iﬁed with MD) because they could have been used in both stochas-
tic and differential pulse voltammetry mode. Accordingly there are
three types of sensors: stochastic sensors, amperometric sensors,
and multimode sensors that could have been used for the assay
of BPA with high sensitivities. For all statistics were used the
equations and methods proposed by Otto [19].
3.1.1. Response characteristics of stochastic microsensors
Stochastic sensing is based on channel conductivity. The analyte
is ﬂowing through the channel and in the ﬁrst stage is blocking the
channel (the time when the channel is blocked is called toff and is
giving the signature of BPA), and in the second stage BPA is binding
on the channel wall – when ton is measured and is the equilibration
time for binding reaction, ton is related to the concentration of BPA
through the equation: 1/ton = a + b  ConcBPA.
The process taking place in the channel is:
ChðiÞ þ BPAðiÞ () Ch  BPAðiÞ
where Ch is the channel, and i is the interface.
The signatures of BPA determined using different stochastic
sensing assays are given by the values of toff (Table 2) which are
different for each sensor. These values were used later, to identify
the analyte in saliva samples. The reverse value of ton (1/ton)
represents the quantitative parameter. The calibration curves were
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6 R.-I. Stefan-van Staden et al. / Analytical Chemistry Research 1 (2014) 1–7plotted – linear concentrations of the analyte versus 1/ton. ton is
described as the binding time and it is measured in seconds.
As shown in Table 2, the lowest limit of determination
(1 fmol L1) was obtained when the sensors based on MD/graph-
ene and on MD/CNT were used. The highest sensitivity was
reached when the sensor based on MD/CNT was assessed. The sta-
bility of the proposed microsensors in stochastic mode was high
over 12 months of continuous use, when the sensitivity of the mic-
rosensors varied with RSD (relative standard deviation) values less
than 1.0%. Three pastes used in the design of each sensor were pre-
pared; RSD(%) values of sensitivity obtained when used for the
assay of BPA were less than 0.01%.
3.2. Response characteristics of microsensors on differential pulse
voltammetry mode
Response characteristics of the microsensors in differential
pulse voltammetry (DPV) mode were recorded using conditions
described in Table 1. The wider linear concentration range (1010
to 104 mol L1) is covered when the microsensor based on MD/
NpC was used. The lowest detection limit (6.16  1013 mol L1)
and the highest sensitivity (111.4 nA/lmol  L1) were reached
when the sensor based in MD/C60 was used. The stability of the
proposed microsensors in DPV mode was high when the microsen-
sors were used for 12 months, the RSD values of their sensitivities
being lower than 1.5%. Three pastes used in the design of each sen-
sor were prepared; RSD(%) values of sensitivity obtained when
used for the assay of BPA were less than 0.01%.
Accordingly with the type of the microsensors determined
accordingly with their responses for BPA in stochastic, and DPV
mode, one can say that: the best stochastic microsensor is the
one based on porphyrin immobilized in diamond paste, the amper-
ometric microsensors gave a good sensitivity and wide linear con-
centration range, and the best multimode sensors (that can be used
in both stochastic and DPV modes) are those based on MD/CNT and
MD/C60 – they have high sensitivities in both modes, and low limits
of determination for BPA (See Table 3).
3.3. Analytical applications
The assay of BPA was done in children’s saliva (6 males and 6
females, aged 4–10 years old) using the stochastic microsensors,
amperometric microsensors, and multimode microsensors (in both
stochastic and DPV modes). Stochastic mode measurements
(Fig. 2) helped with the qualitative analysis of BPA in saliva sam-
ples as well as with its quantitative analysis (Table 4), while the
DPV mode (Fig. 3) is used for quantitative analysis (Table 5). The
results obtained using the proposed microsensors in both modes
are correlated well each with the other. Unfortunately, the limits
of determination of ELISA for BPA in children’s saliva assay are
too high, and therefore they could not been used reliable for this
purpose in all saliva samples.
Accordingly the proposed stochastic, amperometric, and multi-
mode microsensors are solving the problem of assay of BPA in chil-
dren’ saliva, making possible early assessment of its quantity in
children, and avoiding later endocrine and obesity disorders.4. Conclusions
Stochastic, amperometric and multimode microsensors based
on different carbon types of matrices and maltodextrin, cyclodex-
trin and porphyrin were proposed for the assay of bisphenol A in
children’s saliva. Very low limits of determinations were achieved
with the stochastic microsensors as well as with the microsensor
based on maltodextrin and C60 fullerenes. All microsensors had
R.-I. Stefan-van Staden et al. / Analytical Chemistry Research 1 (2014) 1–7 7high sensitivities, and they were reliable when used for the assay
of bisphenol A in children’s saliva. The microsensors of choice –
accordingly with their response characteristics are: stochastic mic-
rosensor based on porphyrin immobilized in diamond paste, the
amperometric microsensors, and multimode sensors (that can be
used in both stochastic and DPV modes) based on MD/CNT and
MD/C60.
The features of these microsensors are their utilization for
screening tests of children’s saliva for bisphenol A, and other com-
pounds which can show the early presence of endocrine and obes-
ity disorders.Conﬂict of interest
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